Loss of E-cadherin-mediated cell-cell junctions has been correlated with cancer cell invasion and poor patient survival. p120-catenin has emerged as a key player in promoting E-cadherin stability and adherens junction integrity and has been proposed as a potential invasion suppressor by preventing release of cells from the constraints imposed by cadherin-mediated cell-cell adhesion. However, it has been proposed that tyrosine phosphorylation of p120 may contribute to cadherindependent junction disassembly during invasion. Here, we use small interfering RNA (siRNA) in A431 cells to show that knockdown of p120 promotes two-dimensional migration of cells. In contrast, p120 knockdown impairs epidermal growth factor-induced A431 invasion into threedimensional matrix gels or in organotypic culture, whereas re-expression of siRNA-resistant p120, or a p120 isoform that cannot be phosphorylated on tyrosine, restores the collective mode of invasion employed by A431 cells in vitro. Thus, p120 promotes A431 cell invasion in a phosphorylation-independent manner. We show that the collective invasion of A431 cells depends on the presence of cadherin-mediated (P-and E-cadherin) cell-cell contacts, which are lost in cells where p120 expression is knocked down. Furthermore, membranous p120 is maintained in invasive squamous cell carcinomas in tumours suggesting that p120 may be important for the collective invasion of tumours cells in vivo.
Introduction
Invasion, the ability of neoplastic cells to breach tissue barriers, is a hallmark of malignancy and an attractive process to target therapeutic strategies (Hanahan and Weinberg, 2000) . Several lines of evidence implicate E-cadherin, a cell adhesion molecule, as a powerful suppressor of invasion. For example, invasive human cancers often display reduced expression of E-cadherin (Hajra and Fearon, 2002) . E-cadherin suppresses metastatic potential when expressed in cadherin-deficient invasive cell lines (Vleminckx et al., 1991) and expression of a dominant-negative E-cadherin is sufficient to cause early invasion and metastasis in a mouse transgenic pancreatic cancer model (Perl et al., 1998) . Conversely, intracellular contacts may be maintained resulting in the invasion of coherent clusters or sheets of cells, a phenotype known as collective invasion (Friedl et al., 2004) . This allows the migration and invasion of differentiated tumours that have retained cell-cell junctions. It also allows the passive movement of nonmigratory cells within these clusters, thus increasing their invasive and metastatic potential.
The extracellular domain of E-cadherin forms homodimers with cadherin molecules of an adjacent cell, whereas the cytoplasmic domain interacts with binding partners called catenins to form a functional unit known as the adherens junction (AJ) (Wheelock and Johnson, 2003) . Rather than simply acting as a physical 'glue' it is now clear that multiple signalling pathways originate from the AJ and that a bidirectional cross talk exists with growth factor receptors (Wheelock and Johnson, 2003; Brunton et al., 2004) . The AJ intimately links events at the cell surface to gene transcription via the b-catenin/T-cell factor (TCF) (Peifer and Polakis, 2000) and the p120-catenin/Kaiso pathways (Daniel and Reynolds, 1999; Kelly et al., 2004) , whereas deregulation of the AJ in cancer has been frequently linked to transcriptional repression of E-cadherin (Strathdee, 2002) . Alternatively, post-translational mechanisms and in particular the tyrosine phosphorylation of cadherins or catenins by kinases such as the epidermal growth factor (EGF) receptor, or Src can occur and this correlates strongly with invasion in model systems (Mareel and Leroy, 2003) . p120-catenin (hereafter p120) has emerged as a critical regulator of the AJ, both in vitro (Ireton et al., 2002; Davis et al., 2003; Xiao et al., 2003) and in vivo Perez-Moreno et al., 2006) . Specifically, in the absence of a physical interaction with p120, classical cadherins (e.g. E-, VE-, N-and P-cadherin) are rapidly endocytosed and targeted for degradation. Reduced expression of p120 is frequently observed in human cancers and so this may represent one mechanism by which tumours downregulate E-cadherin (Thoreson and Reynolds, 2002) . Hence, it has been hypothesized that p120 may act as an invasion suppressor via its ability to stabilize E-cadherin. Alternatively, when the primary event is the loss of E-cadherin expression, cytoplasmic accumulation of p120, which is relatively stable, may occur. Again, this appears to be a common histopathological finding in human cancer specimens (Thoreson and Reynolds, 2002) and has been linked to a pro-invasive role for p120, which was mediated via the regulation of Rho-family GTPase signalling (Yanagisawa and Anastasiadis, 2006) . A431 cells, derived from a vulval squamous cell carcinoma (SCC), invade a three-dimensional matrix in response to an EGF gradient and this provides a tractable reductionist system to investigate cancer cell invasion (Malliri et al., 1998) . We therefore set out to test the role of p120 in invasion in cells that retain E-cadherin expression, by reducing the absolute amount of p120 and also by interfering with its phosphorylation. p120 was first identified as an Src substrate and is heavily phosphorylated in Src-transformed cells and also in response to receptor tyrosine kinase activation. However, the role of tyrosine phosphorylation of p120 remains uncertain. Depending on the cellular context, the p120 N-terminal regulatory domain, which contains all known sites of tyrosine phosphorylation, can negatively modulate cell-cell adhesion (Aono et al., 1999; Ozawa and Ohkubo, 2001 ). Furthermore, a p120 isoform lacking the N-terminal region can act in a dominant-negative manner to inhibit growth factordependent motility (Cozzolino et al., 2003) .
We demonstrate here that loss of AJ caused by depletion of p120 protein inhibits, rather than promotes, invasion of A431 cells. Thus, in this system, p120 does not have an invasion-suppressor role. Surprisingly, despite being phosphorylated at several tyrosine residues in response to EGF, the requirement for p120 in EGFinduced invasion is not dependent on its ability to be phosphorylated. We show that A431 cells invade in a collective manner, which is dependent on the presence of cadherin-mediated cell-cell contacts, which in turn are dependent on the presence of p120.
Results
Activation of EGFR causes phosphorylation of p120 at multiple tyrosine residues We initially set out to address whether phosphorylation of p120 was important for tumour cell invasion. A431 SCC cells overexpress EGF receptor and undergo specific changes in response to EGF stimulation including activation of Rho-family GTPases, actin reorganization and invasion of an extracellular matrix (Malliri et al., 1998; Kurokawa et al., 2004) . p120 is a prominent phospho-protein in EGF-stimulated epithelial cells (Lim et al., 2003; Thelemann et al., 2005) and is an attractive candidate molecule to mediate, or co-ordinate, some of these responses. Phosphorylation of p120 at tyrosine-228 in EGF-stimulated A431 cells has recently been reported (Mariner et al., 2004) . However, whether other sites are similarly regulated is unknown. Site-specific phosphoantibodies are also available to tyrosine-280 and tyrosine-291, and here we describe the generation of a new polyclonal antibody that specifically recognizes p120 when phosphorylated on tyrosine-296. Before using this antibody to analyse the EGF-dependent phosphorylation events in A431 cells, we wished to verify its specificity. To do this we utilized KM12C colon carcinoma cells stably transfected with a c-Src construct, which is constitutively active because of mutation of the negative regulatory tyrosine-527 to phenylalanine (Src527F) (Avizienyte et al., 2002) . Using an antibody that recognizes all tyrosine phosphorylation events, p120 immunoprecipitated from Src527F-expressing cells was seen to be heavily phosphorylated on tyrosine residues when compared with p120 in the parental cells (Figure 1a, upper panel) . A similar result was seen when the immunoprecipitates were blotted with the phospho-Y296-specific antibody. Equivalent levels of total p120 were present in the immunoprecipitates (Figure 1a , lower panel). The presence of two distinct bands reflects the two dominant p120 isoforms in this cell line. Phospho specificity of the phospho-Y296 antibody was validated in several ways. First, the ability of the antibody to recognize p120 immunoprecipitated from KM12C-Src527F cells was abrogated by dephosphorylation of the immunoprecipitate with leukocyte antigen-related (LAR) phosphatase (Figure 1b) . Second, the ability of phospho-Y296 to immunoprecipitate p120 from KM12C-Src527F lysates was blocked by preincubation with an excess of phosphorylated but not non-phosphorylated immunizing peptide (Figure 1c) . Finally, myctagged wild-type p120 isoform1A (p120-1A) or p120-1A in which tyrosine-296 was mutated to phenylalanine (p120-1A/296F) were expressed in KM12C-Src527F cells. Immunoprecipitation of only the exogenously expressed myc-tagged proteins showed that wild-type p120-1A but not p120-1A/296F was recognized by the phospho-Y296 antibody (Figure 1d ).
Using the panel of phospho-specific antibodies described above we identified simultaneous phosphorylation of p120 at tyrosine residues 228, 280, 291 and 296 following EGF stimulation ( Figure 2a ). As all four sites appeared to be phosphorylated in tandem, we used pharmacological inhibitors to investigate whether any differential regulation could be unmasked. Treatment of A431 cells with AG1478, a specific inhibitor of EGFreceptor tyrosine kinase activity, prevented the EGFdependent phosphorylation of p120 on all four sites (Figure 2b ). This corresponded with the ability of AG1478 to prevent the phosphorylation of the EGF receptor following stimulation with EGF as well as inhibiting the activation of the well-defined EGFdependent signalling pathways to MAPK and STAT3 (Figure 2c ). AP23464 is a selective inhibitor of Src p120 is required for cancer cell invasion IR Macpherson et al family tyrosine kinases (Brunton et al., 2005) and the EGF-dependent phosphorylation of p120 was also prevented in AP23464-treated cells (Figure 2b ). Phosphorylation of p120 on residues 228 and 296 was reduced to levels below that of basal phosphorylation in unstimulated cells (Figure 2b ). Using phosphorylation of the autophosphorylation site of Src (tyrosine-416) as a measure of Src activity, we showed that Src activity was inhibited in cells treated with AP23464 at the concentration (1 mM) used in these experiments (Figure 2d ). Interestingly, pre-treatment with AP23464 was sufficient to block signalling to both p120 and STAT3, a known Src substrate, whereas phosphorylation of MAPK was not reduced (Figure 2c ). Thus p120 is phosphorylated on multiple residues in an EGF-and Src-dependent manner, but this pathway does not mediate signalling from the EGF receptor to the MAPK cascade.
RNAi-mediated knockdown and reconstitution of p120
To investigate the role of p120 in EGF-dependent events, particularly invasion, we utilized a powerful RNAi-based substitution system first described by Mariner et al. (2004) . Importantly, this system avoids the potential confounding factor of subcellular mis-localization of overexpressed p120 due to saturation of cadherinbinding sites, and hence facilitates direct comparison of the function of different p120 constructs expressed at physiological levels. Human-specific p120 RNAi sequences, which do not alter the stability of murine p120, or a scrambled control sequence (A431-Scr) were stably expressed in A431 cells and a number of single-cell clones with significant reduction in p120 levels were obtained (A431-p120 À ) ( Figure 3a , upper panel shows results from two independent clones). As expected, there was a concurrent reduction in E-, P-cadherin and other components of the AJ such as b-and a-catenin (Figure 3a) , which corresponds to the known effects of p120 on AJ stability. As a control we showed no alterations in levels of Src following knockdown of p120 ( Figure 3a , lower panel).
Owing to alternative splicing events and the use of alternative start codons, four major isoforms of p120 exist (Figure 3b , start codons marked 1-4) (Keirsebilck et al., 1998) . A431 cells in common with most epithelial cells, predominantly express p120 isoform 3 (Ishizaki et al., 2004) . Therefore constructs encoding murine p120 isoform 3A were reintroduced into cells in which p120 had been knocked down. Pooled populations with stable expression of p120 at levels similar to parental A431 cells were selected by fluorescence-activated cell sorting (FACS) sorting. We also introduced isoform 4A which lacks the entire N-terminal signalling domain containing all identified sites of tyrosine and most sites of serine/ threonine phosphorylation (Figure 3b ) (Xia et al., 2003) . This isoform undergoes no detectable tyrosine phosphorylation in A431 cells (data not shown). Re-introduction of either isoform 3A or isoform 4A Figure 1 Characterization of a novel p120 Y296 phospho-specific antibody. (a) p120 was immunoprecipitated from KM12C cells or KM12C cells expressing constitutively active Src (KM12C-Src527F) and analysed by Western blotting with anti-phosphotyrosine, antiphospho-p120 Y296 and anti-p120 antibodies. (b) p120 was immunoprecipitated from KM12C-Src527F cells and incubated with LAR phosphatase for 30 min before denaturation and electrophoresis. The membrane was probed with anti-phospho-p120 Y296 and antip120 antibodies. (c) Anti-phospho-p120 Y296 antibody, which had been pre-incubated with an excess of phosphorylated or nonphosphorylated immunising peptide, was used to immunoprecipitate p120 from KM12C-Src527F cell lysates. The membrane was probed with anti-p120 antibody. (d) Myc-tagged p120 proteins were immunoprecipitated from KM12C-Src527F cells and analysed by Western blotting with anti-phospho-p120 Y296 and anti-Myc antibodies. p120 is required for cancer cell invasion IR Macpherson et al restored E-cadherin levels to those seen in the control cells ( Figure 3a) . In parallel, the loss of cell cohesion resulting from knockdown of p120 was reversed by reintroduction of either p120 isoform ( Figure 3c ). As cross talk exists between the AJ and the EGF receptor (Qian et al., 2004) , we investigated the effects of depleting p120 and hence the AJ on major EGF signalling pathways. Importantly, in A431-p120 À cells, there was no defect in EGF-signalling as the EGF-dependent phosphorylation of MAPK and STAT3 was seen in both p120 knockdown and control cells ( Figure 3d ). p120 regulates motility p120 has been reported to promote or inhibit the motility of various epithelial cell lines in a isoform and cell context-specific manner (Cozzolino et al., 2003; Shibata et al., 2004; Bellovin et al., 2005) . In A431 cells, Figure 2 EGF-dependent phosphorylation of p120 at multiple tyrosine residues. (a) A431 cells were serum-starved overnight and then stimulated with EGF (100 ng/ml) for 5 min before lysis. p120 was immunoprecipitated and analysed by Western-blot with site-specific phospho-p120 antibodies. In each case, after removal of the phospho-specific antibodies, the blots were reprobed with total p120 antibody. (b and c) A431 cells were serum-starved overnight, incubated with AP23464 (1 mM) or AG1478 (300 nM) for 1 h, then lysed 5 min after stimulation with EGF (100 ng/ml). p120 was immunoprecipitated and analysed by Western blotting with site-specific phospho-p120 antibodies or anti-phosphotyrosine antibody (b). Lysate was also analysed by Western blotting using anti-phospho-EGFR, anti-phospho-MAPK and anti-phospho-STAT3 antibodies (c). In each case, after removal of the phospho-specific antibodies, the blots were reprobed with the corresponding non-phospho-specific antibodies. (d) A431 cells were treated with vehicle (DMSO) or increasing concentrations of AP23464 for 60 min after which lysates were prepared and analysed by Western blotting with antiphospho-SrcY416 antibody. After removal of the phospho-specific antibody, the blot was reprobed with Src antibody. p120 is required for cancer cell invasion IR Macpherson et al the RNAi-mediated depletion of p120 was associated with an increase in two-dimensional motility of sparsely cultured cells as measured by time-lapse video-microscopy. The median speed was increased 3.5-fold from 8.0 mm/h (interquartile range: 3.5-14.4 mm/h) in A431-Scr cells to 27.3 mm/h (interquartile range: 14.1-51.6 mm/h) in A431-p120 À cells ( Figure 4a ). As the data were not normally distributed, we utilized the non-parametric Mann-Whitney U-test to demonstrate this to be a statistically significant increase (Po0.0001).
Using a wound assay to monitor migration of cells from a confluent monolayer into a denuded area, we were also able to see qualitative differences in the mode of migration (Figure 4b and movies in Supplementary material). The A431-Scr cells moved as a sheet of cells keeping contact with adjacent cells in the monolayer (Movie 1, Supplementary Material). In contrast, the movement of A431-p120
À was more disorganized with individual cells moving into the denuded area (Movie 2, Supplementary Material). Cells were fixed and stained with phalloidin to visualize the actin cytoskeleton as they migrated into the wound (Figure 4b ). A431-Scr cells maintained tight cell-cell contacts, whereas A431-p120 À cells at the edge of the wound had broken away from the neighbouring cells and had become more elongated. Although the individual A431-p120 À cells moved more rapidly than the A431-Scr cells, the lack of directionality meant that the speed of wound closure was unaltered between the A431-Scr and A431-p120
À cells (A431-Scr 20.5772.26 and A431-p120 À 18.1472.98 mm/h). As regulation of Rho family GTPase activity by cytoplasmic p120 has been associated with a more motile phenotype, we measured GTP loading of RhoA, Rac1 and Cdc42 in A431-Scr and A431-p120 À cells (Figure 4c ). There was no difference in the basal levels of GTP-loaded RhoA, Rac1 and Cdc42 in the A431-Scr Figure 3 RNAi-mediated knockdown and reconstitution of p120. (a) A431 cells were retrovirally infected with pRetroSuper containing either a human p120-specific RNAi hairpin (A431-p120 À ) or scrambled sequence (A431-Scr). Subsequently, murine p120 isoform 3A (A431-p120 À /p120-3A) or 4A (A431-p120 À /p120-4A) were reintroduced. Lysates were analysed by Western blotting using anti-p120, anti-E-, anti-P-cadherin, anti-b-catenin, anti-a-catenin and anti-Src antibodies. (b) Isoform 4A lacks all identified sites of tyrosine phosphorylation (represented by filled circles), whereas isoform 3A contains seven tyrosine phosphorylation sites. (c) Phasecontrast images of (i) A431-Scr, (ii) A431-p120 À , (iii) A431-p120 À /p120-3A and (iv) A431-p120 À /p120-4A. Magnification Â 10. (d) A431-Scr and A431-p120 À cells were serum-starved overnight, then stimulated with EGF (100 ng/ml) for 5 min before lysis. Western-blot analysis was carried out with anti-phospho-MAPK and anti-phospho-STAT3 antibodies. In each case, after removal of the phospho-specific antibodies, the blots were reprobed with the corresponding non-phospho-specific antibodies.
and A431-p120 À cells. Furthermore, the increase in GTP-bound RhoA, Rac1 and Cdc42 following EGF treatment was unaltered in cells lacking p120. The quantitation of the fold activation following EGF treatment is shown from densitometry measurements of three independent experiments (Figure 4c ). EGF À cells and after 6 h the cells were fixed and stained with TRITC-phalloidin. Magnification Â 40. (c) A431-Scr and A431-p120-cell lines were serum-starved overnight and then stimulated with EGF (100 ng/ml) for 5 (Rac1/ Cdc42) or 15 min (RhoA) before lysis. Total protein extracts were used directly or first incubated with GST-RBD or GST-PAK to selectively pull down active GTP-bound protein. Quantification of band density was performed for three independent experiments and the fold elevation of activity in EGF-stimulated versus serum-starved cells was displayed as mean7s.d. (d) A431-Scr and A431-p120 À cells were serum-starved overnight and then stimulated with 100 ng/ml EGF. Cells were then fixed and stained with TRITC-phalloidin. The number of cells with membrane ruffles was later counted from at least 100 cells. Values are mean7s.d. from three independent experiments. Magnification Â 63. receptor activation in A431 cells leads to the Rac1-mediated formation of membrane ruffles (Malliri et al., 1998) and as an additional approach to look for changes in Rac1 activation, the ability of cells to ruffle in response to EGF was measured. Treatment of A431-Scr cells with EGF resulted in a dramatic rearrangement of the actin cytoskeleton resulting in the formation of membrane ruffles in around 70% of cells. There was no difference in the A431-p120 À cells (Figure 4d ).
p120 is required for invasion A431 cells are able to invade an extracellular matrix in response to an EGF gradient (Malliri et al., 1998) . As we demonstrated that depletion of p120 in A431 cells resulted in loss of E-cadherin and increased two-dimensional motility, we hypothesized that A431-p120 À cells would have a greater capacity for invasion than parental cells. We therefore utilized a quantitative in vitro invasion assay to assess the ability of A431 cell lines to invade into Matrigel in response to EGF. Invasion only occurred in the presence of an EGF gradient and was maximal for 10 ng/ml (EGF concentrations from 1 to 100 ng/ml were tested; data not shown). Surprisingly, knockdown of p120 protein resulted in a marked reduction in invasion into Matrigel over 72 h in comparison to the A431-Scr cells (Figure 5a ). Quantification showed that there was a 76% reduction in invasion in the A431-p120 À cells (Figure 5a ). This reduction in invasion was confirmed for two different A431-p120
À cells clones (clones 3 and 7). Importantly, the ability of reconstituted p120-3A to reverse the invasion defect confirmed that this phenotype was specifically due to p120 depletion and not a clonal or 'off-target' effect.
As stimulation of A431 cells with EGF results in phosphorylation of p120 at multiple tyrosine residues, we hypothesized that this requirement of p120 for invasion would specifically depend on its ability to be phosphorylated. However, reconstitution with p120 isoform 4A, which lacks all sites of tyrosine phosphorylation, restored the invasion defect in the A431-p120 À cells to a level seen in the control cells (Figure 5a) . Thus, tyrosine phosphorylation of p120 (or other events occurring in the regulatory domain such as serine/ threonine phosphorylation (Xia et al., 2003) ) was not required for invasion.
The reduced ability of A431-p120 À cells to undergo invasion was further characterized using an organotypic invasion assay (Figure 5b ). This 3D environment more closely resembles the in vivo situation and measures the invasion of cells into collagen/Matrigel gels co-cultured in the presence of tumour-derived fibroblasts. There was a marked reduction in invasion of the p120 knockdown cells when compared with cells expressing scrambled p120 sequences (Figure 5b ). There was no invasion of control or p120 knockdown cells in the absence of fibroblasts.
A proliferation assay was carried out to exclude the possibility that the effects on invasion were due to reduced proliferation in the A431-p120 À cells. No difference in proliferation was seen between the A431-Scr and A431-p120 À cells (Figure 5c ). To address whether integrin function was altered in the cells lacking p120, adhesion assays were carried out. There was no difference in the adhesion of the A431-Scr and A431-p120 À cells or the cells in which p120 had been reintroduced (Figure 5d ).
Invasion is dependent on the ability of cells to form cell-cell contacts Malignant cells may adopt different strategies for invasion including mesenchymal or amoeboid invasion of single cells or collective invasion of co-ordinated columns or sheets of cells (Friedl et al., 2004; Sahai, 2005) . Reconstructed confocal images of A431-Scr cells invading in the organotypic assay demonstrated invasion of groups of cells consistent with a collective mode of invasion (Figure 6a ). Given the reduced levels of cadherins present in the A431-p120 À cells (Figure 3a ) and the collective nature of the invasion observed in the organotypic assays, we hypothesized that the critical role of p120 in collective invasion was to stabilize cellcell contacts through stabilization of cadherins at the cell surface. E-cadherin is the predominant cadherin expressed in A431 cells; however, transient knockdown of E-cadherin in A431-Scr cells using RNAi duplex oligonucleotides (Figure 6b ) did not alter the ability of the A431 cells to invade (Figure 6c ). A431 cells also express P-cadherin, but we were unable to detect N-cadherin in any of the conditions tested (results not shown). Knockdown of P-cadherin alone had no effect on the invasion of A431 cells; however, combination of P-and E-cadherin knockdown significantly reduced the ability of A431 cells to invade in the organotypic assay (Figure 6c ). Further analysis demonstrated that P-cadherin levels were upregulated when E-cadherin was knocked down (Figure 6d ), suggesting that there is interplay between both cadherin types to maintain cellcell contacts required for invasion.
To address this we looked at cell-cell contacts in the cells. Loss of either E-or P-cadherin alone did not alter the morphology of the A431 cells and cell-cell contacts were still visible where p120 was present (Figure 7a) . However, combined loss of E-and P-cadherin resulted in a loss of cell-cell contacts and p120 was localized diffusely in the cytoplasm. This was similar to the morphology of the A431-p120 À cells, which had also lost cell-cell contacts (Figure 7a , right-hand panels) associated with downregulation of both E-and P-cadherin (Figure 3a) . Taken together, these data suggest that the pro-invasive role of p120 is at cell-cell contacts where it functions to maintain cadherin-mediated cell junctions that are required for the collective invasion of the A431 cells. Consistent with this we observe that p120 is localized to cell-cell contacts in collectively invading A431 cells (Figure 7b) .
SCC of the head and neck often invade in collective clusters and strands and our results indicate that this type of invasion would be dependent on p120. In a small study we found that p120 expression was maintained in 7 out of 7 human SCCs examined including two highgrade tumours (Figure 8 ). Furthermore, p120 remained localized at cell-cell contacts as we observed in the organotypic assay, even in the high-grade tumours where small groups of cells had collectively invaded the surrounding stromal tissue (Figure 8e and f, arrow heads). These data demonstrate that our finding that p120 is required for the collective invasion of A431 SCC cells is consistent with the expression pattern and subcellular distribution of p120 in head and neck SCC.
Discussion
Most cancer deaths result from locally invasive or metastatic disease, which is not amenable to curative surgical resection and for which systemic anti-cancer therapy is required. Understanding the biology of these processes, therefore, provides key information that may aid the development of therapeutic strategies to prevent the spread of disease. There are numerous reports in the literature that describe decrease or loss of p120 in a range of epithelial tumours. In some cases, this is linked to late-stage disease and decreased survival suggesting that p120 may act as an invasion or metastasis suppressor (Thoreson and Reynolds, 2002) . However, we have identified a novel role for p120 in promoting collective invasion of epithelial tumour cells as knockdown of p120 by small interfering RNA (siRNA) inhibits invasion of A431 SCC cells into both Matrigel and collagen gels.
The collective movement of tumour cells describes the migration and invasion of groups of tumour cells which have maintained cell-cell junctions. It allows the migration of and invasion of differentiated tumours that have retained cell-cell junctions and also allows the p120 is required for cancer cell invasion IR Macpherson et al passive movement of non-migratory cells within these clusters. The mechanisms involved in this type of invasion are not fully understood. It shares a number of properties with single-cell migration such as integrin and matrix metalloproteinase requirements, but the extent to which cadherins are involved in collective invasion is not well defined (Friedl et al., 2004; Sahai, 2005) .
Here we show that retention of cadherin-mediated cell-cell contacts is required for the collective invasion of A431 cells. Reduction in both P-and E-cadherin expression is required for loss of cell-cell contacts and an inhibition of invasion of cells, which is consistent with redundancy of function between these two epithelial cadherins (Jensen et al., 1997) . In vitro studies using either a p120-deficient colon epithelial cell line or siRNA-mediated knockdown of p120 demonstrated that p120 plays a key role in the stability of the AJ by regulating the internalization and subsequent degradation of E-cadherin (Ireton et al., 2002; Davis et al., 2003; Xiao et al., 2003) , and the loss of both E-and Pcadherin in the A431-p120 À cells supports a pro-invasive role for p120 in collective invasion by maintaining integrity of cadherin-mediated cell-cell contacts. À cells invading as collective strands in organotypic invasion assay. (b) A431-Scr cells were treated with two independent E-cadherin-specific or two control (irrelevant) RNAi oligonucleotides and lysates prepared. Western-blot analysis was carried out with anti-E-cadherin antibody and anti-tubulin antibody used as a loading control. (c) A431-Scr cells treated with either E-or P-cadherin-specific or control RNAi oligonucleotides were seeded in collagen/Matrigel gels in the presence of fibroblasts and the invasion index calculated after 5 days. Values are mean7s.d. from a representative experiment in a series of three. (d) A431-Scr cells were treated with either E-or P-cadherinspecific or control RNAi oligonucleotides and lysates prepared. Western-blot analysis was carried out with p120, P-and E-cadherin antibodies, and anti-tubulin antibody was used as a loading control. 
p120 is required for cancer cell invasion IR Macpherson et al
Furthermore, the presence of p120 at cell-cell contacts in high-grade invasive tumours suggest that this may be important mechanism of invasion in vivo.
Recently, a requirement for p120 in the invasion of E-cadherin deficient cell lines, which do not have functional cell-cell junctions, has been demonstrated by Yanagisawa and Anastasiadis (2006) . In this situation, p120 appears to act by stabilizing expression of the mesenchymal cadherins, N-cadherin and cadherin 11, which have been shown to have pro-invasive functions in other cell types (Islam et al., 1996; Hazan et al., 2000) . Regulation of Rho family GTPase activity by cytoplasmic p120 has been associated with a branching morphology and more motile phenotype (Anastasiadis and Reynolds, 2000; Noren et al., 2000; Grosheva et al., 2001; Cozzolino et al., 2003) and has been proposed as the mechanism by which p120 may act to promote invasion. In these reports, no direct measurements of invasion were made but a more motile phenotype was proposed to be associated with a more invasive phenotype. However, Yanagisawa and Anastasiadis (2006) went on to demonstrate that the effects of p120 on invasion of the E-cadherin deficient cells were mediated via activation of Rac1 and inhibition of RhoA signalling. However, in our experiments, Rac1 activity was unaltered in cells where p120 was knocked down suggesting that invasion of A431 cells is not regulated via activation of Rac1. The differences between our own study and that by Yanagisawa and Anastasiadis (2006) probably reflect differences in the mode of invasion employed by the different cells. We are measuring collective invasion of cells that retain cell-cell contacts, whereas the other study was looking at invasion of individual cells that are known to involve different signalling pathways. Furthermore, the ability of p120 to regulate Rac1 activity is dependent on its cytoplasmic localization and we have shown that p120 is predominantly localized at cell-cell junctions in collectively invading cells. It is possible that p120 has an additional role in A431 invasion that involves regulating the levels of phosphorylated myosin light chain as we saw a small reduction in levels of MYPT1 and MLC phosphorylation in A431-p120 À cells (results not shown). However, this is unlikely to be mediated through RhoA as we were unable to detect any significant changes in RhoA-GTP levels in our system. Our own work and that of Yanagisawa and Anastasiadis (2006) both define a key role for p120 in tumour cell invasion through stabilization of cadherins, although the downstream signalling pathways are different. Our demonstration that it is important for the collective invasion of tumour cells suggests that p120 may play a pivotal role in tumour cell invasion which show considerable plasticity in terms of their mode of invasion.
Tyrosine phosphorylation of p120 by oncogenic Src and growth factor receptors has been well documented and a number of phosphorylation sites have been mapped to the N-terminal portion of the protein (Mariner et al., 2001 (Mariner et al., , 2004 . Use of phosphorylation defective mutants has suggested a requirement for p120 phosphorylation in promoting cell motility. For example, heregulin-stimulated migration of breast cancer cell lines requires p120 and is associated with tyrosine phosphorylation of p120 (Shibata et al., 2004) , whereas HGF-dependent cell scattering and migration of MDCK cells is prevented by expression of a p120 mutant lacking the N-terminal domain phosphorylation sites (Cozzolino et al., 2003) . In this case, activation of RhoA by HGF was also abrogated. The same phosphorylation defective mutant was also able to partially suppress cell scattering in vSrc-transformed cells (Ozawa and Ohkubo, 2001) , whereas increased motility in keratinocytes upon overexpression of p120 was dependent on EGF (Cozzolino et al., 2003) , suggesting a role for phosphorylation. Taken together, these observations indicate that p120 may act in concert with growth factor receptors to regulate cell motility via modulation of phosphorylation and/or Rho GTPase signalling. In contrast, it appears that although phosphorylation of p120 occurs upon junction formation, it is not required for their assembly in epithelial cells (Mariner et al., 2004) . In the present study, we show that although p120 is phosphorylated in EGF-stimulated cells, this is not required for their invasion. Thus, the processes involved in cell-cell adhesion, motility and invasion can be separated mechanistically and the ability of p120 to act as an invasion promoter is more complex and cannot be accounted for solely by alterations in RhoGTPase activity or a requirement for phosphorylation events.
The transcription factor Kaiso was first identified in a complex with p120 and is a member of a family of BTB/ POZ proteins whose target genes include a number that are involved in tumourigenesis (van Roy and McCrea, 2005) . Kaiso acts as a transcriptional repressor and p120 binding to Kaiso relieves this repression. It has therefore been proposed that the aberrant expression of p120 in tumour cells may result in deregulated Kaiso activity. Interestingly, known Kaiso targets include the metalloproteinase, MMP7 (Spring et al., 2005) , whereas Kaiso can also repress Wnt gene targets (Park et al., 2005) , many of which are known to be involved in tumour cell invasion. This provides an attractive mechanism whereby p120 may regulate tumour cell invasion and this requires further investigation.
Collective migration of tumours has been documented by histologists for many years, although the mechanisms involved are not fully understood. It allows the migration and invasion of differentiated tumours that have retained cell-cell junctions. It also allows the passive movement of non-migratory cells within these clusters, thus increasing their invasive and metastatic potential. The movement of tumour cell clusters in contrast to individual tumour cells may also provide increased survival and migratory signals through autocrine production of such factors. Hence, the collective movement and invasion of tumour cells presents several advantages to the progression of an aggressive invasive tumour. Understanding the signalling pathways that regulate collective cell movement and invasion, such as the role of p120, may present exciting new opportunities to target this process. 
Materials and methods

cDNA constructs
Full-length human p120 isoform 1A with a C-terminal myc tag was generated by polymerase chain reaction (PCR) using pEFBOS-p120-1A as a template (van Hengel et al., 1999 ) (a gift from J van Hengel, Flanders Interuniversity Institute for Biotechnology, Belgium) and the 5 0 primer TTACCCTGCCC TGCGGCGGCTCCGC and the 3 0 primer CGGTCGACTTA CAGATCCTCTTCTGAGATGAGTTTTTGTTCAATCTTC TGCATC AAGGG. The PCR product was cloned into pCRBlunt II-TOPO (Invitrogen, Paisley, UK) and sequenced to ensure that no mutations had occurred during amplification. The insert was then subcloned into the bicistronic retroviral vector pLZRS-IRES-GFP (a gift from AB Reynolds, Vanderbilt University Medical School, Nashville, TN) using the EcoRI sites to generate pLZRS-p120-1A-IRES-GFP (Ireton et al., 2002) . Alternatively, site-directed mutagenesis of tyrosine-296 to phenylalanine was performed using the QuickChange Sitedirected mutagenesis kit (Stratagene, La Jolla, CA, USA) before subcloning to generate pLZRS-p120-1A/296F-IRES-GFP and the sequence verified. pRetroSuper constructs containing either a human-specific p120 RNAi sequence (GCCAGAGGTGGTTCGGATA) or a scrambled control sequence (GATAAGGTGCTGCGTGGAC) were generated as described previously (Davis et al., 2003) .
Cell lines
Generation of KM12C cells (a gift from IJ Fidler, University of Texas, MD, USA; Anderson Center, Houston, TX, USA) expressing constitutively active Src (SrcY527F) was as described previously (Avizienyte et al., 2002) . A431 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing L-glutamine and 10% fetal bovine serum (FBS). Retroviral infection of KM12C-Src527F or A431 cells was performed as described previously (Avizienyte et al., 2002) , and cells with stable retroviral integration were selected on the basis of GFP expression (KM12C-Src527F-pLZRS-p120 constructs) or with 2 mg/ml puromycin (Sigma Chemical Co., Poole, UK) (A431-pRetroSuper constructs). pLZRS-IRES-GFP encoding cDNA for murine p120 isoform 3A or 4A (gifts from AB Reynolds) were introduced to single-cell A431 clones with knockdown of p120 using the Amaxa Nucleofector System (Amaxa GmbH, Cologne, Germany) and pooled populations selected according to GFP expression by FACS.
Growth factors and drugs
Human recombinant EGF (R&D Systems, Abingdon, UK) was used at concentrations of 10 or 100 ng/ml. For all experiments, cells were first serum-starved overnight and then stimulated with the appropriate concentration of EGF in serum-free medium. AP23464 (ARIAD Pharmaceuticals, Cambridge, MA, USA) was dissolved in dimethylsulphoxide (DMSO) to a stock concentration of 10 mM. Immediately before use it was diluted in medium to achieve a final concentration of 1 mM. AG1478 (CN Biosciences Ltd, Nottingham, UK) was dissolved in DMSO to a stock concentration of 10 mM and was further diluted in medium to a final concentration of 300 nM immediately before use.
Immunoprecipitation and immunoblotting
Cells were washed and then lysed in ice-cold radioimmunoprecipitation assay buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% deoxycholate, 0.1% sodium dodecyl sulphate (SDS), 100 mM sodium orthovanadate, 2 mM phenylmethylsulfonyl fluoride (PMSF), 10 mg/ml aprotinin, 500 mM NaF). About 250-1000 mg of cleared lysate was then immunoprecipitated with 1 mg anti-p120 (BD Biosciences, Oxford, UK), 4 ml rabbit anti-p120-pY296 or 4 ml anti-myc clone 9B11 (New England Biolabs, Hertfordshire, UK). Where indicated, immunoprecipitates were first washed in reaction buffer (25 mM Imidazole, pH 7.0, 50 mM NaCl, 2.5 mM Na-EDTA, 5 mM DTT, 100 mg/ml bovine serum albumin (BSA)) and then incubated with 2 ml LAR phosphatase (CN Biosciences Ltd) at 301C for 30 min before the addition of Laemmli sample buffer. Denatured proteins were separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose. Membranes were blocked and probed with 1:1000 anti-p120, 1:5000 anti-p120-pY228, 1:250 anti-p120-pY280, 1:500 anti-p120-pY291, 1:5000 anti-EGFR, 1:1000 anti-phospho-EGFR, 1:1000 PY20 (anti-phosphotyrosine), 1:2000 anti-E-cadherin, 1:500 anti-b-catenin (all from BD Biosciences, Oxford, UK), 1:10 000 anti-MAPK, 1:500 anti-actin, anti-b-tubulin (all from Sigma Chemical Co., Poole, UK), 1:1000 anti-phospho-MAPK (Thr202/Tyr204), 1:1000 STAT3 (Tyr705), 1:250 anti-phospho-STAT3, 1:1000 9B11 (anti-myc), 1:1000 SrcpY416. (all from New England Biolabs, Hertfordshire, UK), anti-P-cadherin (Merckbiosciences, Nottingham, UK) or 1:5000 anti-Src kinase domain (Ardern et al., 2006) . Bound antibody was detected by incubation with horseradish peroxidase conjugated secondary antibodies and visualized by enhanced chemiluminescence (Amersham Biosciences, Buckinghamshire, UK). When necessary, blots were stripped using the Re-Blot Plus Strong Antibody Stripping Solution (Chemicon International, Harrow, UK) and reprobed with additional antibodies.
Antibody generation
A polyclonal rabbit antibody against p120 phospho-tyrosine-296 was generated using the peptide 290-(C)GYDDLDpYGMMSD-301. The N-terminal cysteine residue (bracketed) was added to facilitate coupling to the carrier protein keyhole limpet haemocyanin. Peptides were estimated to be >90% pure by high-performance liquid chromatography, and composition was confirmed by amino acid analysis (synthesis and analysis of peptides was carried out by Affiniti Research Products Ltd, Exeter, UK). About 200 mg of conjugated peptide was emulsified in Freund's adjuvant (Sigma Chemical Co., Poole, UK), either complete for the primary immunization or incomplete for subsequent immunizations, as described previously (McLean et al., 1991) . Serum was checked for positive reactivity and IgG was purified by affinity absorption to a protein G column (Amersham Biosciences, Buckinghamshire, UK). The elute was dialysed against PBS at 41C for 16 h. Non-phospho-specific antibodies were removed by absorption against a Sepharose column containing the immunizing peptide in its unphosphorylated form and the remaining fraction was again absorbed against a protein G column, eluted and dialysed against PBS. The antibody was used at 1:125 dilution for immunoprecipitation and 1:5000 for immunoblotting.
Cell migration assays
To monitor movement of individual cells in sparse cultures, cells were plated at 1 Â 10 4 per well of a six-well plate and allowed to adhere for 8 h. Images were then captured every 15 min for 5 h using an Axiovert 200 M Zeiss microscope with a Â 20 objective and AQM Advance software (Kinetic Imaging, Nottingham, UK). About 100 individual cells per cell line were analysed using Tracking Analysis software (Kinetic Imaging). For wound-healing assays, cells were plated at a density of 1 Â 10 6 cells per well of a six-well plate. At 24 h later, a wound p120 is required for cancer cell invasion IR Macpherson et al was made using a sterile pipette tip and images of cells migrating into the wound recorded by timelapse videomicroscopy at 15 min intervals until complete wound closure. Alternatively cells were plated on glass chamber slides and grown to confluence before wounding with a sterile pipette tip. After 6 h, cells were fixed with 3.7% formaldehyde in PBS, permeabilized in PBS containing 0.5% Triton X-100 and 1% BSA, blocked with 10% FBS in PBS, and incubated with FITC-phalloidin for 45 min. Cells were visualized using a Leica DM IRBE confocal microscope with Â 40 objective.
Immunofluorescence
Confocal imaging was carried out as described previously (Avizienyte et al., 2002) using anti-p120 antibody (BD Bioscience) and TRITC-phalloidin. For quantification of membrane ruffling, at least 100 cells were counted for each treatment and the results were presented from three independent experiments. Experiments in which cells were transfected with siRNA duplexes were processed 48-72 h after transfection.
Matrigel invasion assays
Inverse invasion assays were carried out as described previously (Scott et al., 2004) using complete Matrigel (BD Biosciences, Oxford, UK). Cells were seeded at 10 4 per Transwell (Corning Life Sciences, Sigma Chemical Co., Poole, Dorset, UK), and 10 ng/ml EGF was added to the DMEM above the Matrigel. After 72 h, cells were stained with Calcein AM (Molecular Probes, Invitrogen, Paisley, UK). Horizontal z-sections through the Matrigel were taken at 15 mm intervals using a Leica DM IRBE confocal microscope. The number of positive pixels in each image was determined using 'Image J' software (NIH), using a value of 150 for background subtraction. The sum of the values obtained for individual sections (excluding the first section which corresponds to the upper surface of the filter) was then expressed as a percentage of the control cell value. For each experiment, samples were run in duplicate and at least four z-series were taken per sample. Projected images used for display purposes were also created using 'Image J'.
Organotypic invasion assays pECFP (Clontech, BD Biosciences, Oxford, UK) was introduced into A431-Scr or A431-p120 À cells using the Amaxa Nucleofector System (Amaxa GmbH, Cologne, Germany) and pooled populations with uniform expression selected by FACS. These were plated on top of collagen/Matrigel (4 mg/ ml collagen/2.5 mg/ml Matrigel) gels containing 10% FBS. Where indicated, 5 Â 10 5 tumour-derived fibroblasts were added to the gel. After 24 h, the gel was transferred onto a nylon filter and placed on a mesh support. This was partially submerged in media containing 10% FBS, whereas the rest of the gel including the A431 cells was in contact with air. After 5 days, the gels were fixed with 4% paraformaldehyde per 0.25% gluteraldehyde per PBS, permeabilized with 0.2% Triton X-100/PBS and stained with TRITC-phalloidin. A multiphoton laser-scanning microscope was used to take five optical xz-sections of each gel and the area of non-invading cells and the total area over which cells had spread were measured. The invasion index ¼ 1 area of non-invading cells per total area covered by invading and non-invading cells. A score of 0 corresponds to no invasion, whereas the closer the score is to 1, the greater the invasion. Where indicated, E-cadherin-specific siRNA sequences (#1 GGAGAGCGGUGGUCAAAGAUU, #2 ACCAGAACCUCGAACUAUAUU) and P-cadherinspecific sequences (pool of equimolar amounts of #1 GACA ACGUCUUCUACUAUGUU, #2 CAUAUGACGUGCAC CUUUCUU, #3 CAGCUCAAGUCUAAUAAAGUU) or control sequences (#1 UAGCGACUAAACACAUCAA, #2 UAAGGCUAUGAAGAGAUAC) were introduced into the cells using Oligofectamine (Invitrogen, Paisley, UK) according to the manufacturers instructions.
Cell proliferation assays Cells were plated at 1 Â 10 3 per well of a 96-well plate. At 24 h intervals, the number of viable cells was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) proliferation assay (Plumb et al., 1989 ). Mean and s.e.m. values were calculated from quadruplicate wells.
Immunohistochemistry
Specimens were mounted in moulds with tissue-tek OCT compound (Sakura; 4583), and frozen on liquid nitrogen. About 7 or 8 mm sections were cut and mounted onto slides (Surgipath Superfrost 'Plus' white; 08143G). The slides were fixed in 4% paraformaldehyde/PBS for 10 min followed by permeabilization in 0.2%Triton-X100/PBS for 10 min. Samples were blocked in 2% BSA for 30 min and then incubated overnight at 41C with antibodies pre-labelled with Zenon Mouse IgG labelling kit (Invitrogen, Alexa488-Z25002) diluted 1:100 in PBS/1% BSA/0.1% Tween, before washing in PBS/ 1% BSA/0.1% Tween. Specimens were re-fixed in 4% paraformaldehyde/PBS for 10 min followed by washing in PBS/1% BSA/0.1% Tween. Specimens were stained with antip120 (BD Biosciences), then counterstained with Alexa633 phalloidin (Invitrogen). Images were captured using a Zeiss LSM510 confocal microscope.
Rho GTP pull-down assays Bacterially produced GST-PAK-CRIB domain or GSTRhotekin-binding domain (RBD) fusion protein was bound to glutathione-coupled Sepharose beads by incubation for 30 min at 41C with gentle agitation. Beads were then washed three times with lysis buffer (50 mM Tris-HCl, pH 7.4, 2 mM MgCl 2 , 1% NP-40, 10% glycerol, 100 mM NaCl, 1 mM benzamidine, 1 mg/ml leupeptin, 1 mg/ml pepstatin, 1 mg/ml aprotinin, 1 mM DTT and 1 mM PMSF) and retained at 41C until used. Cells were serum starved for 16 h and then stimulated with 100 ng/ml EGF or vehicle for 5 (Rac/Cdc42) or 15 min (RhoA), washed in ice-cold PBS (containing 1 mM MgCl 2 and 0.5 mM CaCl 2 ), incubated for 5 min on ice in lysis buffer, and then centrifuged for 5 min at 14 000 g at 41C. Aliquots were taken from the supernatant to compare protein amounts. The remaining supernatant was incubated at 41C with either GST-PAK beads for 30 min or GST-RBD beads for 60 min. Beads were then washed three times in lysis buffer, eluted in Laemmli sample buffer, and then analysed for bound Rho family molecules by Western blotting using anti-RhoA, anti-Rac1 or anti-Cdc42 antibodies. Films were scanned and the density of bands quantified using Total Labs software.
